Recent large-scale studies of common genetic variation throughout the human genome are making it feasible to conduct whole genome studies of genotype-phenotype associations. Such studies have the potential to uncover novel contributors to common complex traits and thus lead to insights into the aetiology of multifactorial phenotypes. Despite this promise, it is important to recognize that the availability of genetic markers and the ability to assay them at realistic cost does not guarantee success of this approach. There are a number of practical issues that require close attention, some forms of allelic architecture are not readily amenable to the association approach with even the most rigorous design, and doubtless new hurdles will emerge as the studies begin. Here we discuss the promise and current challenges of the whole genome approach, and raise some issues to consider in interpreting the results of the first whole genome studies.
INTRODUCTION
Following the completion of the human genome sequencing project, a series of increasingly large studies have been conducted involving extensive genotyping of genetic variants around the genome (Patil et al. 2001; Dawson et al. 2002; Gabriel et al. 2002; Phillips et al. 2003; Ke et al. 2004; Hinds et al. 2005) . The largest of these in the public domain is called the Human Haplotype Mapping Project (HapMap; Gibbs et al. 2003) , an ongoing project that is genotyping samples from multiple populations on nearly all common genetic variants discovered to date. It has the potential to yield insights into patterns of intra-and interpopulation variation in humans, recombination rates and hotspots, regions of possible historical selection and correlations of DNA sequence characteristics with the interesting locations of genetic variation. The main deliverable in the short-term, however, is simpler-a validated set of variant sites for subsequent diseaserelated investigations. By validating the genetic markers and identifying those that provide non-redundant information, the project should facilitate large-scale investigations of genotype-phenotype correlations. Such studies, known as whole genome assocation (WGA) studies, will involve screening hundreds of thousands of genetic markers on large samples of individuals having some phenotype of interest, e.g. a highly prevalent multifactorial disease or some continuous endo-or sub-phenotype(s).
Because of the availability of a very large set of common genetic markers, coupled with increases in genotyping capacity and decreasing genotyping costs (Chen & Sullivan 2003; Gunderson et al. 2005) , there are a very large number of WGA projects currently being planned, spanning a diverse array of human traits. There is a certain irony to this increasing enthusiasm, as genetic association studies are often viewed as having been largely unsuccessful in the past, despite 10 000 s of published reports (Weiss & Terwilliger 2000; Cardon & Bell 2001; Terwilliger et al. 2002) . There is some debate in the field as to the actual ratio of 'true positive' to 'false positive' association reports (Lohmueller et al. 2003) , but there have indeed been a very large number of unreplicated association studies (Ioannidis et al. 2001; Ioannidis et al. 2003) . The difficulty in labelling such reports as unequivocal false positives comes from the fact that in genetic studies, there are many reasons for lack of reproducibility apart from type I error. Individual differences in mutations within a gene (allelic heterogeneity), between genes (genetic heterogeneity), between samples (population heterogeneity) and within phenotypes (phenotypic heterogeneity) can all lead to differences in study outcomes, so determining what is a true versus false association result remains a challenge and is an area of active research. Although there remain a number of hurdles for WGA studies, it is clear that they are imminent. Here we describe some of the recent results leading up to WGA studies, and offer some perspectives on the challenges to come.
LINKAGE DISEQUILIBRIUM
From a genomic perspective, part of the challenge in obtaining consistent association results stems from the considerable genetic diversity within populations. Differences in allele frequencies within and between groups have long been observed (Goddard et al. 2000; Shifman et al. 2003) , and they have led to the highly publicized inferences of ancestral human migration patterns (Cavalli-Sforza et al. 1994 ) that have become popular science. Until recently, however, there was relatively little empirical information about the structure of genetic variability; i.e. the patterns of variation throughout the genome. New mutations are co-transmitted with the pre-existing variants on their background chromosomes until they are broken apart by some form of chromosomal rearrangement, typically recombination (Petes 2001) . Over generations, these processes of recombination yield mosaics of allelic variants, some of which have remained closely associated with each other over time, and others whose initial co-occurrence has been eroded, often completely.
Linkage disequilibrium (LD) refers to the degree to which two allelic variants are associated in a population. For markers A and B, it is usually summarized on the basis of the simple expression Weir 1996) . In general, there is a positive correlation between physical distance and LD, such that variants that are close together are more strongly correlated with each other than those with greater separation, as the former are less likely to be broken apart by recombination. However, one of the main outcomes of the recent large-scale genotyping projects, including the HapMap, has been to highlight the striking degree of variability in LD. Figure 1 shows a plot of pairwise correlations between markers as a function of their physical separation. Overlaid on the scatterplot is a fitted curve showing the exponential decay of LD according to physical distance. The dramatic variability in LD indicates that despite the physical proximity of markers, knowing the allele status of one genetic variant often carries little information about neighbouring variants. Thus, it is inappropriate to consider 'genomic coverage' of genetic markers purely in terms of physical spacing, a fact which remains misunderstood by many disease investigators. This is relevant to disease association mapping because it implies that, in cases of low LD, one might identify the correct chromosome, gene and even intron, exon or regulatory element harbouring trait-influencing variants, but unless the exact aetiological variant is assayed, negative or unreproducible results may emerge. This is a daunting challenge in terms of genomic complexity, as human populations are thought to carry approximately 10 million common variants, and many more rare variants (Ardlie et al. 2002; Carlson et al. 2003 Carlson et al. , 2004 . This variability has led to some suggestions that large-scale studies of genetic variation in one population will not be relevant for others, and that studies such as the HapMap may thus have limited utility for association studies (Sawyer et al. 2005) .
HAPLOTYPE BLOCKS
In the past five years, several studies have put forth encouraging views regarding the complexities of LD (Daly et al. 2001; Jeffreys et al. 2001; Patil et al. 2001; Gabriel et al. 2002) . As it became possible to examine markers closer together on chromosomes, consistent trends emerged that appeared less stochastic than the high degree of 'noise' in the pairwise LD/physical spacing relationship. Daly et al. (2001) described staccato patterns of alternating segments of DNA, with some regions exhibiting little haplotype diversity, punctuated by segments of very high diversity. In terms of LD, the regions of low diversity, which they termed 'haplotype blocks', were generally high, (presumably) owing to less recombination than the intervening regions of low LD.
The haplotype block concept has rapidly gained popularity (Paabo 2003) , as it offers an attractive intuitive framework for disease-gene mapping (Goldstein 2001; Gabriel et al. 2002) . In theory, if one could identify the haplotype blocks across the genome, then disease-association studies could use customized sets of genetic markers to capture the information within and between them. However, increasingly dense datasets have suggested that, while the haplotype block model provides a useful view of broad patterns of LD, specific attributes of blocks, particularly block boundaries, can be strongly influenced by the markers and human samples chosen for analysis (Phillips et al. 2003; Wall & Pritchard 2003; Ke et al. 2004 ). There are also multiple statistical definitions of blocks which yield similar, though non-identical patterns (Schulze et al. 2004; Zeggini et al. 2005; Ding et al. 2005) . Thus, for specific association-design/interpretation questions, such as the extent to which one might evaluate association across a candidate gene, the variability in boundaries and definitions can induce further uncertainty into association studies. Haplotype blocks provide a useful platform for considering patterns of genetic variation, but they are not a panacea for WGA studies.
RECOMBINATION RATES
Although the block model may not be especially helpful for focused marker questions, it does highlight nonuniform patterns of LD in the human genome. Presumably, block patterns are largely generated from ancestral recombination, though pairwise LD measures are suboptimal in this regard as they confound recombination history with a number of factors influencing the frequency of the alleles, such as drift, selection, non-panmictic mating, etc. considerable interest in recent developments of statistical methods that directly estimate population recombination rates from unphased genotyped data (Fearnhead & Donnelly 2001; McVean et al. 2002; Clark et al. 2003; Li & Stephens 2003) . In comparison with LD measures, population recombination rates show greater consistency both within and between populations. This consistency is shown in figure 2, using our data from a recent study of chromosome 20 (Evans & Cardon 2005) . Pairwise LD varies substantially between populations, mainly because of allele frequency differences amongst populations. This is particularly evident with the D 0 measure. In contrast, while average levels of recombination vary in different groups, regions of high (low) recombination tend to be remarkably similar. Other studies have demonstrated similar trends (e.g. Clark et al. 2003; Crawford et al. 2004; McVean et al. 2004) .
Empirical studies of recombination hotspots have suggested that they often take place across relatively short segments of DNA (Jeffreys et al. 2000; Jeffreys et al. 2001 ). These fine-scale changes, coupled with the apparent similarity of high/low regions across human samples (Ke et al. 2004) , suggest that recombination patterns may provide useful information for allelic association studies. Curiously, preliminary work on the locations of recombination hotspots suggest that they are not particularly well aligned between humans and other primates, raising intriguing questions about natural selection and human evolution (Ptak et al. 2005; Winckler et al. 2005) . Also, there is some evidence that hotspots can occur even within haplotype blocks or regions of otherwise high LD (Jeffreys et al. 2005) . Overall, the recombination studies are revealing exciting and unexpected trends. How this information can inform or be integrated into association studies is presently a topic of concerted interest. (Ke et al. 2004 ). The population recombination rates are described in detail in (Evans & Cardon 2005 ).
WHOLE GENOME ASSOCIATION STUDIES
delineate precise genomic regions that are worthy of greater (lesser) attention in disease-gene mapping, nor are we able to safely depict the boundaries of association or linkage intervals. The output of most immediate and practical relevance for association studies is a vast set of genetically validated markers (figure 3). This is an impressive achievement, considering that only a few years ago, candidate gene studies required the use of restriction fragment length polymorphisms (RFLPs) or extensive resequencing to find even common-allele markers. The single nucleotide polymorphism (SNP) information is valuable to nearly all association studies, family-or populationbased, and involving candidate genes or the entire genome.
Unfortunately, while the validated markers will make WGA studies cheaper, faster and more accessible, they do not guarantee greater success. Small sample sizes have long plagued allelic association studies, and genotyping more markers does not compensate for a lack of power to detect real effects in the first place. When the expected effect size of each locus is small, as in common complex traits, large numbers of individuals are required whatever the density of markers genotyped (Risch & Merikangas 1996; Zondervan & Cardon 2004) . This sampling problem is exacerbated in the context of WGA, as the study of many markers creates multiple-testing problems with the correlated variants. WGA studies generally require larger, not smaller, sample sizes than previous investigations of specific candidate genes or regions.
Nevertheless, arguments for or against WGA studies, or even descriptions of the likely effects of genetic variability and sample sizes noted above, are mainly theoretical as, to date, there have been only a few association studies involving extensive marker coverage (Ozaki et al. 2002; Roses et al. 2005) , and none that have spanned the entire genome (i.e. coding plus non-coding regions). Without real data, it is difficult to design and test new methods of analysis, compare strategies and study designs and consider the diversity of genetic architectures for different phenotypes.
To gain an initial view of what a WGA study might look like, we merged two publicly available datasets: one involving gene expression (Morley et al. 2004 ) and another involving interim data from the HapMap project (Gibbs et al. 2003) . We considered the 100 most heritable gene-expression values as phenotypes (Y ), which we regressed on each diallelic HapMap marker one-at-a-time: E(Y )ZaCbG j , where G j was coded to detect additive genetic effects (0, 1, 2 for genotypes aa, Aa, AA, respectively) for the jth marker. Our analyses are not meant to represent a true genome-wide study nor a thorough assessment of the factors influencing gene expression, as the association sample size (42 unrelated individuals) is too small for such consideration and the HapMap data are not yet complete for a full assessment. Rather, we are interested in simply gaining an initial view of any trends that might emerge in a study of WGA.
The results of the pseudo-WGA studies revealed a number of encouraging findings. For most of the expression phenotypes that showed evidence for family-based linkage, evidence for strong association (considered as p!10 K9 due to conservative Bonferroni correction) was observed in at least one location in the genome. However, this was not always the case, even with a very high density of markers. In some cases, despite strong evidence for linkage and association testing of more than 500 000 non-redundant SNPs, no evidence for allelic association was apparent. In this case, further genotyping, resequencing or a nonassociation based strategy (e.g. for rare alleles) would be required to identify the variants contributing to the linkage profiles, as the WGA approach would fail with the available data.
GENETICALLY IDENTICAL SNPs
Another interesting pattern emerged that has potential implications for gene-localization in WGA studies (figure 4). In this example, which was highlighted as a case of cis-linkage in the initial expression study (Morley et al. 2004 ) since the primary linkage evidence was obtained in the same chromosomal region of the gene itself, several loci are apparent in association analyses (figure 4a). Interestingly, none of these are located within the linkage region, i.e. any cis-acting loci leading to the linkage signal are not apparent, despite strong association evidence for several other loci in the genome. This may reflect the well-rehearsed difficulties that can accompany attempts to refine bona fide linkage regions by population-based association analysis (Terwilliger et al. 2002) . Perhaps more interesting is the role of LD in the patterns observed. In figure 4a , the analyses were conducted only on non-redundant HapMap markers; i.e. whenever two or more markers were identical (every individual had the same genotype at marker B as they had at marker A, or r 2 Z1.0), the first one observed was arbitrarily retained and the others omitted as they give identical association information. With this marker selection, the association analyses showed strong evidence on chromosomes 9, 12 and 17. In general, the redundant markers, or 'genetically identical SNPs' (giSNPS), are located in close proximity owing to the general positive correlation between LD and physical spacing (Lawrence et al. submitted) . However, as noted above, there is a high degree of variability in this relationship.
The impact of the LD variability on association results are exemplified in figure 4b, as there are giSNPs located several megabases apart. In this particular case, the most strongly associated SNPs are also giSNPs, yielding identical association evidence at distant parts of each chromosome. Which location is correct? It is not possible to discern this from the association evidence alone, which raises a potentially serious concern about inferring the location of aetiological variants from association evidence. One could resequence all variants around specific genes and still miss the active site since it is located far away. This situation resembles that of point mutations in long-range controlling elements, which have also been observed at megabase distances from their target (Lettice et al. 2002) . In the case of LD, the increasing density of the HapMap and other projects are indicating that more than 50% of common-allele SNPs have at least one giSNP partner (Lawrence et al. submitted; Lettice et al. 2003) . Thus, it is possible that this particular example may not be unusual. It will be important to maintain awareness of such eventualities in the imminent WGA studies.
CONCLUSIONS
Substantial advances in genotyping and international efforts to validate common genetic variants have led to renewed interest in association studies. Accordingly, whole genome scans for human complex trait loci are now feasible and imminent. This is an exciting opportunity for human genetics, as it may generate a number of new insights about the nature of individual differences. It is important to recognize, however, that such studies are not guaranteed to identify new genes. Practical issues such as distinguishing true from false claims of replication, small sample sizes, long-range marker correlations and difficulties with robust inference based on large numbers of statistical tests pose real challenges for WGA studies. Moreover, there are a number of situations in which association studies, however well designed, are poorly suited for identification of aetiological variants; e.g. when the causal alleles are rare and heterogeneous. On balance, whole genome association studies seem highly likely to yield novel findings. The extent to which these findings are robust and lead to new disease insights will depend at least in part in our ability to manage the challenges at hand and remain open to those that are certain to emerge. The same results as (a) but including the redundant markers. The peaks of identical amplitude in (b) reflect the genotypic identity between the markers. From the data at hand, it is not clear which of the peaks, if any, reflect the aetiological alleles, thus emphasizing the difficulties with location inference in association studies. The expression data used in these analyses are described in Morley et al. (2004) ; the HapMap genotype data are from the December 2004 release (www.hapmap.org).
